. We isolated two trp-3 alleles by screening for mutapholipase C (PLC) seems to precede TRPC activation, gen-induced deletions in trp-3 (Figures 1B and 1C) . trpthe precise mechanisms leading to TRPC activation re-3(sy693) deleted an ‫2.2ف‬ kb genomic fragment encoding main controversial (Montell et al., 2002a) . Furthermore, two-thirds of the N terminus and four transmembrane despite the wide expression of TRPCs in nearly every domains, and trp-3(sy694) removed a 700 bp segment cell type, the in vivo functions of TRPCs are poorly unthat included the coding region for the first transmemderstood. One notable exception appears to be in senbrane domain (Figures 1B and 1C) . Primers specific for sory neurons, where TRPCs are required for visual transthe wild-type allele did not yield any PCR product from DNA isolated from trp-3 homozygotes, excluding the presence of a duplicated trp-3 gene that might have
arisen during mutagenesis ( Figure 1C ). As transmemcaused by a background mutation. Moreover, a transbrane domains are generally required for ion channel gene containing a cosmid that included the entire trp-3 function, both sy693 and sy694 should be null alleles.
locus rescued the sterility, further demonstrating that trp-3 was the gene responsible for the sterile phenotype ( Figure 2A ). trp-3 was recessive since heterozygous hertrp-3 Mutants Are Infertile maphrodites were fertile ( Figure 2A ). Both trp-3 mutants were nearly sterile with an average
In hermaphrodites, oocytes mature in the gonad in an fertility of ‫%5ف‬ of wild-type hermaphrodites (Figure 2A ; assembly-line fashion and are then ovulated into the average brood size: 285.2 in wild-type versus 13.5 in spermatheca, where sperm are stored and fertilization trp-3). trp-3(sy693)/trp-3(sy694) trans-heterozygotes extakes place (McCarter et al., 1999) . Subsequently, fertilhibited the same sterile phenotype as single mutants (Figure 2A ), excluding the possibility that sterility was ized oocytes exit the spermatheca and enter the uterus (E) trp-3(sy693) males are nearly sterile. Wild-type or trp-3(sy693) males were crossed to unc-31(e169) hermaphrodites at 20ЊC or to fem-1(hc17) females at 25ЊC (hc17 causes hermaphrodites to become females at 25ЊC). The total number of cross-progeny from unc-31 or fem-1 was counted. The mean numbers calculated from the crosses using wild-type males were normalized to 100%.
where embryogenesis begins. Defects in ovulation, ootion cycles of wild-type and trp-3(sy693) hermaphrodites ( Figures 2B and 2C ). Prior to ovulation, the oocytes in cytes, sperm, or embryogenesis all reduce brood size. trp-3 sterility could arise from defects in any of these trp-3(sy693) hermaphrodite gonads underwent normal cycles of maturation, including the disappearance of the steps.
We found no obvious differences between the ovulanucleolus, distal nuclear migration, and nuclear mem-brane breakdown ( Figure 2C ). These observations sugThe TRP-3 Protein Is Highly Enriched in Sperm We raised antisera against TRP-3 and found that the gest that trp-3 sterility is not due to defects in ovulation affinity-purified TRP-3 antibodies detected a strong sigor oocyte differentiation, consistent with the absence nal in hermaphrodite sperm, but no other cell types of TRP-3 protein expression in oocytes (see below).
( Figures 3A-3D ). This finding is consistent with a geWe next asked whether fertilization occurs in trp-3 nome-wide microarray study suggesting that the trp-3 mutants. Eggshell formation, one of the first events folmRNA is enriched in sperm (Reinke et al., 2000) . No lowing fertilization, was not observed in trp-3(sy693) TRP-3 expression was found in trp-3(sy693) mutants mutants ( Figure 2C ), nor was pronuclei-formation or pro-( Figures 3E-3H) , indicating that the antibodies were spenuclei-fusion detected in trp-3(sy693) oocytes that had cific. The absence of TRP-3 protein in trp-3 mutants exited from the spermatheca ( Figure 2C ). Consequently, was not due to the absence of sperm because sperm these oocytes did not undergo cell division, but evennuclei were clearly visible in trp-3 spermathecae (Figtually entered spermatheca in trp-3, n ϭ 12; 163 Ϯ 15 in wild-type, The observations that the oocytes in trp-3(sy693) hern ϭ 10). The TRP-3 expression pattern is consistent with maphrodites did not form eggshells, failed to enter emthe sperm defect observed in trp-3 mutants. bryogenesis, and underwent endomitosis strongly suggest that they were not fertilized. However, these trp-3(sy693) Sperm Are Motile, but Defective observations can also be explained by a defect in eggin Fertilization activation following fertilization. Therefore, it remains Several different defects could impair the ability of possible that trp-3(sy693) sperm can fertilize oocytes, sperm to fertilize oocytes. Developmental defects in but that the fertilized oocytes are not activated to initiate spermatogenesis and/or sperm activation (spermiogenembryogenesis. For example, spe-11 encodes a spermesis) often lead to the failure of spermatogenic cells or supplied factor that is deposited into oocytes during spermatids to develop into mature sperm (L'Hernault, fertilization and is required for triggering egg activation 1997). Sperm motility is required for both male and her-(Browning and Strome, 1996). To determine whether trpmaphrodite sperm to fertilize oocytes. Also, sperm dis-3(sy693) sperm can fertilize oocytes, we stained eggs playing normal development and motility might fail to dissected from trp-3(sy693) uteri with DAPI. While a fertilize oocytes due to defects in gamete recognition, newly-entered sperm nucleus is clearly visible on the binding, and/or fusion (Singson, 2001) . opposite side of the oocyte nucleus in wild-type emTo distinguish among these possibilities, we first exbryos ( Figure 2D , top, n ϭ 9), no such sperm nucleus was amined whether trp-3(sy693) sperm were blocked at any detected in trp-3(sy693) oocytes ( Figure 2D , bottom, n ϭ developmental stage. The morphology of mature sperm 12), nor was an eggshell present in these oocytes (Figure (spermatozoa) differ from spermatids and spermatocytes 2D, bottom, n ϭ 12). As polar bodies were not detected in that they bear a pseudopod with villar projections in trp-3(sy693) oocytes, it is unlikely that they completed on the surface (Singson, 2001) . Dissected trp-3(sy693) meiosis ( Figure 2D, bottom) . We conclude that the oohermaphrodite sperm were morphologically indistinctyes in trp-3 mutants are not fertilized.
guishable from wild-type sperm ( Figures 4A-4C ). Activated male-derived mature trp-3 sperm also exhibited wild-type morphology ( Figures 4D and 4E ). trp-3 sperm trp-3 Sperm Are Defective were motile in vitro ( Figure 4F , n ϭ 10), and displayed The lack of gross abnormalities in ovulation or oocyte similar mean velocity to wild-type sperm on glass slides maturation, and the observation that fertilization does (26.1 Ϯ 7.1 m/min, n ϭ 10 for trp-3; 28.5 Ϯ 8.2 m/ not take place in trp-3 mutants suggest that the trp-3 min, n ϭ 10 for wild-type; p ϭ 0.32). sperm might be responsible for the sterile phenotype.
Sperm motility in vivo and in vitro are different in that If so, then providing the mutant hermaphrodites with sperm exhibit directional movement toward the spermawild-type sperm should rescue the sterility. We therefore theca in vivo, rather than the random movement obmated wild-type males into trp-3(sy693) hermaphroserved in vitro. To determine whether trp-3 sperm are dites. This mating rescued the trp-3(sy693) fertility demotile in vivo, we used a female strain, fem-1(hc17), that fect ( Figure 2A ). To ensure that sperm per se were redoes not produce endogenous sperm (Spence et al., sponsible for the rescue, rather than a component of 1990). We reasoned that if trp-3 sperm are motile in seminal fluid, we mated fer-15(hc15) males, which only vivo, then we would expect to find trp-3 sperm in fem-1 produce nonfunctional sperm (L'Hernault et al., 1988), spermathecae after mating trp-3 males with fem-1 feto trp-3(sy693) hermaphrodites. This mating failed to males. Indeed, many trp-3(sy693) sperm reached the rescue the fertility defect (Figure 2A) . Mating of wildfem-1(hc17) spermatheca after mating ( Figure 4G ). Furtype males to trp-3(sy693) hermaphrodites also rescued thermore, trp-3(sy693) sperm readily surrounded the the defects in eggshell formation, pronuclei formation oocyte in the spermatheca ( Figure 4H ), indicating that and fusion, and embryogenesis/endomitosis ( Figure 2C , trp-3(sy693) sperm were able to make contact with the n ϭ 10). We also found that trp-3(sy693) males were oocyte. As a control, immotile sperm such as those nearly sterile ( Figure 2E ), and did not exhibit any gross from the spermiogenesis-defective fer-1(hc1) and ferabnormalities in mating behavior (n ϭ 8). Taken together, 15(hc15) strains (L'Hernault et al., 1988) failed to reach we conclude that the trp-3 sterility results from a defect the fem-1(hc17) spermatheca after mating ( Figure 4I ). No abnormality in male mating behavior was detected in the sperm. in either fer-1(hc1) or fer-15(hc15) (n ϭ 8). Thus, trpdites should be suppressed. We found that trp-3(sy693) males elicited a strong suppression on hermaphrodite 3(sy693) sperm are motile in vivo and are capable of contacting oocytes.
self-fertility ( Figures 4J and 4K ). After 24 hr of mating with trp-3(sy693) males, each hermaphrodite only had It might be argued that since trp-3(sy693) males retain residual fertility, those trp-3(sy693) sperm that reached an average of 21 self-progeny, approximately 15% of unmated hermaphrodites ( Figure 4J ). In contrast, herthe fem-1(hc17) spermatheca after mating might represent the small population of functional trp-3 sperm.
maphrodites mated with fer-1(hc1) or fer-15(hc15) males, two mutants that only make immotile sperm, However, each fem-1(hc17) spermatheca housed an average of 145 Ϯ 41 trp-3(sy693) sperm (n ϭ 12), nearly sired a similar number of self-progeny to that of unmated controls ( Figure 4J ). The suppression effect was not ten times that which would be expected based on the residual fertility in trp-3(sy693) males. Thus, the residual due to a reduction of the ovulation rate since the total ovulation events between mated and unmated herfertility in trp-3 males is far from sufficient to account for the number of trp-3 sperm present in the fem-1(hc1) maphrodites were similar ( Figure 4L ). After mating with trp-3 males, hermaphrodites were spermatheca.
To provide functional evidence that trp-3 sperm were partially sterilized and laid many unfertilized oocytes, explaining why fertility was reduced while the rate of motile, we performed a sperm competition assay. Although hermaphrodites carry endogenous sperm, if ovulation remained unchanged. These observations indicate that trp-3 male sperm are not only motile, but also mated, the male sperm exert dominance by displacing the smaller and slower hermaphrodite sperm from the move vigorously enough to displace the endogenous hermaphrodite sperm from the spermatheca; yet they spermatheca (Singson, 2001) . Sperm competition can take place in the absence of fertilization, provided that cannot fertilize oocytes, leading to a dominant-negative effect on fertilization. Also, about 5% of unfertilized oomutant male sperm are motile and capable of reaching the spermatheca (Singson et al., 1999) . Therefore, if cytes dissected from trp-3 uteri had sperm bound (Figure 4M ; n ϭ 300). males with motile, but fertilization-defective sperm, are mated to hermaphrodites, the self-fertility in hermaphroTaken together, it appears that the sterile phenotype activates TRP-3. The TRP-3 dependent activities in 293 cells were sensitive to La 3ϩ (91 Ϯ 6% inhibition at 100 Remarkably, when spermatids were assayed, a much lower SOCE activity was detected than that in mature M for thapsigargin, n ϭ 5; 92 Ϯ 7% for histamine, n ϭ 4) and Gd 3ϩ (94 Ϯ 8% inhibition at 100 M for sperm, and very little CAC activity was found in spermatids ( Figures 5D and 5E) . thapsigargin, n ϭ 5; 89 Ϯ 11% for histamine, n ϭ 4). As we observed in mature sperm ( Figure 5C) 5J , p Ͻ 0.001), respectively. In contrast, the CAC activity in trp-3(sy693) mature sperm was similar to that in wildTranslocation of TRP-3 from Intracellular Vesicles type ( Figures 5H and 5J) , indicating that the observed to the Plasma Membrane during Sperm Activation difference in SOCE was not due to a nonspecific defect We wondered why mature sperm exhibited a much in general calcium signaling. We would not expect a higher SOCE activity than did spermatids (Figures 5A, complete loss of SOCE in trp-3(sy693) mature sperm 5B, 5D, and 5E). One explanation is that the proteins since trp-3(sy693) males still retained ‫%01ف‬ fertility. The mediating SOCE such as TRP-3 are not expressed in ‫%05ف‬ reduction in SOCE in trp-3 mature sperm was spermatids. We think this unlikely since there is no gene likely an underestimate, because we did not take into transcription or protein translation during sperm actiaccount the SOCE activity present in spermatids, which vation (spermiogenesis) (L'Hernault, 1997). Thus, any was clearly TRP-3 independent and probably contrib-TRP-3 protein in mature sperm must also be present in uted to the total SOCE activity in mature sperm (Figures spermatids. We therefore asked whether TRP-3 protein 5F and 5G). Other trp genes such as trp-1 and trp-2 localization was altered during sperm activation. Shown might account for the remaining SOCE activity in trp-3 in Figure 7 are confocal images of anti-TRP-3 immunomutant sperm, and the residual fertility in trp-3 mutant staining performed on spermatids and mature sperm. animals. Taken together, these data indicate that TRP-3 TRP-3 did not display surface staining in spermatids; is necessary for the full SOCE activity in mature sperm, instead, it seemed to be localized to discrete intracelluand suggest that the defect in SOCE in mature sperm lar vesicles ( Figure 7A ). This staining was not seen in might contribute to the inability of trp-3(sy693) sperm trp-3(sy693) mutants ( Figures 7D-7F Figure S1 ). Taken together, our data indicate that TRP-3 is stored in intracellular vesicles in spermatids and trans-DC1]). Interestingly, unlike the fused MOs that were restricted to the cell body and were excluded from the locates to the plasma membrane during sperm activation. Since this translocation coincides with a pseudopod, TRP-3 staining was also present in the pseudopod ( Figures 7G-7I and Supplemental Figure marked increase in SOCE ( Figures 5A, 5B, 5D , and 5E), it provides an in vivo mechanism for the regulation of S1D). The observation that TRP-3 and the fused MOs exhibited a largely nonoverlapping pattern suggests that TRP-3 activity. As expected, we failed to detect such an increase in SOCE in fer-1 mature sperm ( Figures  TRP-3 proteins likely diffuse out of the fused MOs and translocate to the rest of the cell membrane including S1I-S1J). The lack of TRP-3 protein in the spermatid plasma membrane is also consistent with our obserthe pseudopod during sperm activation.
We next sought to provide further evidence for the vation that the defect in SOCE was only detected in 
